Abstract The permeability structure of oceanic crust controls both the spatial and temporal extent of hydrothermal circulation, but the detailed geometry of fractures in seafloor rocks is not well known. We apply an equivalent channel model to veins, joints, faults, and breccias preserved in recovered cores from ODP-IODP Hole 1256D to calculate paleo-permeability. In the~250-m transition between dikes and lavas, paleo-permeability is 10 À13~1 0 À14 m 2 with narrow zones of >10 À9 m 2 that presumably act as conduits for the largest volume of fluids. Most of these high-permeability zones are oriented vertically as a result of diking events into a significant thickness of lavas outside of the neovolcanic zone. After an increase in permeability due to off-axis diking events, fluid temperatures drop, pathways are sealed, and the permeability of the upper oceanic crust drops significantly.
Introduction
The lava-dike transition in young oceanic crust is an important zone for understanding the geological construction, as well as the geophysical evolution and alteration history, of the seafloor. The lava-dike transition is both a lithological boundary between intrusive and extrusive basalts and an interval of significant physical gradients (Becker et al., 2004; Carlson, 2010; Gilbert & Bona, 2016; Karson, Klein, et al., 2002; Seher et al., 2010) . Significant seismic velocity gradients in oceanic crust (Fox et al., 1973; Houtz & Ewing, 1976) have been associated with the lithological change from dikes to lavas (Christeson et al., 2010 (Christeson et al., , 2012 Honnorez et al., 1985; Hooft et al., 1996; Karson, Klein, et al., 2002) . Seismic velocity gradients have also been attributed to changes in porosity and alteration observed in the transition between dikes and lavas (e.g., Carlson, 2014; Gilbert & Salisbury, 2011; Gillis, 1995; Wilkens et al., 1991) , and these changes are related to changes in permeability (Carlson, 2014) .
The lava-dike transition is commonly characterized by intense rock fracturing and the distribution and orientation of fractures is particularly important for controlling hydrothermal circulation . High concentrations of fractures or a damage zone can act to channelize fluid circulation more acutely than weakly fractured rocks (Tsang & Neretnieks, 1998) . For example, in Deep Sea Drilling Project and Ocean Drilling Program (DSDP-ODP) Hole 504B (Costa Rica Rift, Nazca Plate), the lava-dike transition is highly fractured (Pezard et al., 1997) , and contains stockwork-like sulfide mineralization, breccias, and veins (Anderson et al., 1985; Honnorez et al., 1985) . In particular, steeply dipping permeable features facilitate vigorous hydrothermal circulation above a heat source (Rowland & Sibson, 2004) , although horizontal or subhorizontal conduits are necessary for lateral circulation (Fisher, 1998) .
Vertical and subvertical fractures and faults in oceanic crust are caused by a number of processes. Contractional cooling effects (e.g., Lister, 1974) , the regional tectonic stress field, and dike intrusion (e.g., Curewitz & Karson, 1998; Umino et al., 2008) are all thought to create vertical and subvertical fractures and faults. Such processes are prominent in oceanic crust formed at slow spreading ridges (e.g., Blackman et al., 2006; Cann et al., 2015; Escartin & Lin, 1995) , but they have also been documented at intermediate (e.g., Agar, 1990; Hayman & Karson, 2007; Karson, Klein, et al., 2002; Tartarotti et al., 1998) , and fast and superfast (e.g., Bohnenstiehl & Carbotte, 2001; Le Saout et al., 2014; Soule et al., 2009; Tartarotti et al., 2009; Wright et al., 1995) spreading ridges. In fast spreading ridges such as the East Pacific Rise, fissuring and faulting have been inferred to be strongly linked to diking events that, at the ridge crest, may be as shallow as tens of meters and affect the morphology of the axial summit trough (e.g., Soule et al., 2009) .
In this study, we examine the permeability structure of the transition zone between the dikes and lavas. Ocean Drilling Program and Integrated Ocean Drilling Program (ODP-IODP) Hole 1256D provides an excellent site for testing the relationships between lithology, alteration, and permeability in crust formed at a superfast spreading rate, since it has been drilled in intact and in situ oceanic crust, where crustal stratigraphy has been built by magmatic (not tectonic) accretion. Examination of samples in the context of downhole measurements provides an opportunity to compare geophysical properties with interpretation of the geological origin of permeability in detail. Previous attempts to determine the permeability at ODP-IODP Hole 1256D have been limited to 25-m depth averages of hole bulk permeability calculated from electrical resistivity (Carlson, 2011) and laboratory measurements of 2.5-cm-diameter minicores without fractures (Gilbert & Bona, 2016) . Using recovered cores, we examine the permeability structure of Hole 1256D at the centimeter to meter scale, a scale that is intermediate between most laboratory and field measurements of seafloor permeability (Fisher, 1998) . We introduce a novel method for determining paleo-permeability based on the equivalent channel model of Walsh and Brace (1984) as applied by Morrow et al. (1994) , which assumes that water moves through fractures in the crust in a way that is analogous to flow through a channel (e.g., Paterson, 1983) . With this method, we address the locations of permeable zones recorded in recovered core, but also, for the first time, the orientation of crustal permeability from the lava-dike transition at Hole 1256D. Hole 1256D (6°44.2 0 N, 091°56.1 0 W) has been drilled into 15-Myrold crust that formed at the East Pacific Rise with a superfast full spreading rate of >200 mm/year (Wilson, 1996) . Hole 1256D is located~1150 km east of the present crest of the East Pacific Rise and~530 km north of the Cocos Ridge ( Figure 1 ). Hole 1256D has been deepened during four cruises, that is, ODP Leg 206 (Wilson et al., 2003) , IODP Expeditions 309, 312, and 335 (Teagle et al., , 2012 to reach a depth of 1,521.6 mbsf, making it at present the second deepest hole into oceanic basement. Hole 1256D is unique because gabbros have been reached by drilling for the first time in intact in situ ocean crust Wilson et al., 2006) . Sediment thickness is~250 m and the basement in Hole 1256D has been divided into six magmatic sections by Expedition 309/312 Scientists (2006a): Lava Pond (74 m thick), Inflated Flows (~183 m thick), Sheet and Massive Flows (~470 m thick), Transition Zone (~60 m thick), the Sheeted Dike Complex (~350 m thick), and Plutonic Section (Figure 1 ).
Geological Setting

ODP-IODP
Given its structural setting, the lava-dike transition is expected to be characterized by some of the most permeable rocks encountered downhole in Hole 1256D. The Transition Zone at Hole 1256D, as formally defined during IODP Expedition 309 (Expedition 309/312 Scientists, 2006a), extends from~1,004 to 1,061 mbsf (Figure 1 ), below the Sheet and Massive Flows and above Sheeted Dike Complex. The upper boundary of the Transition Zone at Hole 1256D was placed at 1,004.2 mbsf where the first occurrence of a subvertical intrusive contact (isolated dike) was identified in recovered core (Core 1256D-117R-1).
The Transition Zone also marks the boundary between low-temperature alteration above and hydrothermal (subgreenschist facies) alteration below (Figure 2 ). This alteration boundary extends from 981 to 1,027 mbsf , which is at a shallower depth and partly overlaps the Transition Zone. The Transition Zone consists of intensely veined basaltic sheets and also includes a cataclastic unit in the upper part ( Figure 2b ) and mineralized volcanic breccias in the lower part (Figure 2c ). In the cataclastic unit the igneous texture is Figure 1 . The studied interval within ODP-IODP Hole 1256D in the eastern Pacific Ocean. Generalized stratigraphy is from Teagle et al. (2006) and detailed lithostratigraphy is based on Tominaga et al. (2009). no longer preserved and the rock is characterized by clasts of cryptocrystalline basalt or glass in a fine-to medium-grained basaltic breccia cut by an intensive network of thin chlorite-smectite veins . The volcanic breccias comprise angular or subangular clasts of aphyric basalt or altered glass cemented by chalcedony, saponite, calcium carbonate, albite, anhydrite, and sulfides . Smectite, mixed chlorite-smectite, Fe-oxyhydroxide, quartz, chalcedony, and calcite are common and hyaloclastic breccias host sulfides (mainly pyrite) with chalcedony, quartz, calcite, anhydrite, and minor amphibole cement (Figure 2 ).
The uppermost appearance of an isolated dike identified in borehole imaging by Tominaga et al. (2009) is at 815.95 mbsf. It is likely that fracturing and fluid circulation affected a crustal interval extending up to that appearance of the first dike from the Sheeted Dikes (which extend up to 1,065.7 mbsf according to Tominaga et al. (2009)) , that is, a zone much thicker than the Transition Zone as originally defined by Teagle et al. (2006) . To better constrain the downhole variability of structures and permeability in the lavadike transition, the present study addresses a larger crustal interval chosen arbitrarily from 596.1 to 1,255.7 mbsf (i.e., from Core 1256D-51 to Core 1256D-170) that overlaps three units, for example, the lower Sheet and Massive Flows, the Transition Zone, and the upper Sheeted Dike Complex (Figure 1 ).
Methods and Data
Our overall approach is to synthesize core-based structural and alteration measurements and photos taken during ODP Leg 206 and IODP Expedition 309 Wilson et al., 2003) and then apply a channel model to calculate paleo-permeability. 
Core-Based Structural Data
We review the shipboard data from features which are potential conduits for fluid flow-past or present -reported in the Leg 206 and Expedition 309 Vein Log and Structural Log Wilson et al., 2003) . We synthesize the logs into comprehensive databases by individual feature (Data Sets S1 and S2) and by piece (Data Sets S3 and S4). Data include measurements of the brittle structures such as the type of structure (e.g., open fracture, vein, shear vein, fault), length, aperture, filling material, and attitude, namely, the dip angle (see "Core description" in Expedition 309/312 Scientists, 2006b). The Structural Log details a variety of structures, including veins, breccias, joints, shear veins, faults, and intrusive dike contacts, and also includes dip information, but only within the vertically oriented pieces (i.e., not rubble or pieces otherwise too small to orient). The Structural Log omits structures with morphologies indicative of rock fracturing during cooling (i.e., veins with Y-shaped intersections and sinuous, steeply dipping veins intersected by radiating veins) and disk fractures that result from drilling since the regional stress field was the main interest during data collection. The Vein Log has the most comprehensive account of the number of veins and breccia intervals in all pieces, regardless of orientation or mechanism of formation. The Vein Log does not address orientation except to indicate vertical veins, where appropriate.
Measurements of the apertures of permeability conduits were recorded in the Vein Log and Structural Log by shipboard scientists to the nearest tenth of a millimeter, and lengths to the nearest centimeter. Although there some fractures have variable aperture (e.g., Figure 3 ), the average aperture was recorded in the Logs. These measurements are generally made by teams of two or more scientists, and in the case of Leg 206 and Expedition 309, several of the same scientists participated in both to further ensure consistency.
The faces of the cores, from which the structures were observed, were split at sea without knowing which direction pointed north. Care was taken to split cores orthogonal to dipping structural features so that such features were preserved relatively equally in both halves of the core . Later core-log integration allowed for some limited references to geographic orientation (e.g., Fontana et al., 2010; Tominaga et al., 2009 ), but we did not geographically orient data. Dip angles are based on the assumption of a vertical drill hole . 
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Paleo-Permeability Calculation
We calculate the original permeability or "paleo-permeability" (k f ) of each permeable feature using an equivalent channel model (e.g., Morrow et al., 1994; Paterson, 1983; Walsh & Brace, 1984) to represent each feature as a conduit:
where b is a constant equal to 3 for cracks (Walsh & Brace, 1984) . Hydraulic radius, h, is the ratio of conduit volume to surface area. For rectangular cross-section cracks,
where α is the crack aperture and L is the crack length observed in the core (Figure 3 ). Assuming L >> α for cracks, h is approximated as α/2 (Patterson, 1983). Although a perfect orthogonal view of each fracture is unlikely in these cores, significant care was taken not to intersect fractures at high angles. Thus, we take the observed crack aperture, which is an apparent aperture, as a reasonable approximation of α. Also, the full length of each crack is almost always much larger than measured L, as shown by core-log integration studies (e.g., Fontana et al., 2010 ), but we are limited by the core view.
In equation (1), formation factor F is
Conduit tortuosity (T) is set to 1 because most observed permeable features were relatively straight (e.g., Figure 3 ). Pore fraction (ϕ) is the ratio of conduit area to core piece area. Piece area is the product of piece length and 5.8 cm, which is the average recovered core width reported by Teagle et al. (2006) , although some pieces are irregular and smaller than the assumed 5.8-cm diameter. Conduit area is calculated as the product of α and conduit length, L (Figure 3 ). Conduit length in the Vein Log (Data Set S1) is approximated as the piece length for vertical veins. All other veins were given no dip direction in the Vein Log and as such, L is approximated as 5.8 cm (average piece width). Such a simplification may underestimate L-and thus k f , but the effect is within the order of magnitude comparisons here and elsewhere (e.g., Fisher, 1998) relevant for interpreting permeability. In the Structural Log (Data Set S2), L is calculated as the product of d, the crack interval (bottomtop) and sin
À1
θ, where θ is the dip angle ( Figure 3 ). Note that d is recorded to the nearest centimeter curation depth. We use a cementation exponent, m, of 1 for open fracture permeability (Archie, 1942) . We then combine equations (1)- (3) with the assumptions above to simplify
The paleo-permeability of each feature, k f , is determined individually using data in Data Set S1 (Vein Log) and Data Set S2 (Structural Log). Core pieces with a single permeable feature were assigned the associated k f value. Core pieces with more than one permeable feature were assigned a paleo-permeability that was the sum of the k f values from the piece (Data Sets S3 and S4).
Although α and ϕ are derived directly from the shipboard logs for veins, joints, and faults, these parameters are not readily available for the breccias. Before determining the paleo-permeability of each breccia with equation (4), we first divide the breccias into two groups: clast-supported breccias ( Figure 4a ) and matrix-supported breccias (Figure 4b ), based on visual appearance of conduits for possible fluid flow (Data Set S1). We do not distinguish between types of breccia by origin, although most of the breccias at Hole 1256D are of hydrothermal origin (e.g., Figure 4b ) and not fault breccias . Second, we calculate α and ϕ based on measurements of breccia images. We approximate breccia α by counting and measuring the distances between clasts along horizontal cross sections of the images in Figure 4 . The clast-supported breccia in Figure 4a has an average conduit aperture of 0.26 mm, with 3.5 conduits per centimeter. The matrix-supported breccia in Figure 4b has an average conduit aperture of 0.52 mm, also with 3.5 conduits per centimeter. We use α from the analyses of either Figure 4a or Figure 4b for each breccia, based on visual appearance. We assume breccia L equivalent to the thickness of each breccia interval
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Geochemistry, Geophysics, Geosystems reported in the shipboard logs. Breccia ϕ (Data Set S1) is calculated from piece area and conduit area (from L and α), as for veins, joints, and faults.
Paleo-Permeability Uncertainties
The 0.05-mm uncertainty in shipboard aperture measurement results in higher uncertainties of k for lower α. For example, for α = 0.1 mm, k f uncertainty is a factor of 4. In contrast, because conduits for flow within a breccia are relatively wide, α would have to be incorrectly determined as, for example, 30 mm instead of 15 mm for k f uncertainty to be that large. The original conduit widths are also uncertain because of possible effects of infilling minerals expanding fractures and pressure closing fractures. We assume that original conduits were likely not any wider than those observed in the recovered cores, and therefore take the measured apertures as indicative of the maximum widths of the original fractures. In fact, due to mineral precipitation inside fractures, the original aperture could have been expanded, especially if repeated crack-seal have controlled such process.
Results
The permeable features (hereafter "fractures") observed in the investigated interval are veins (i.e., filled fractures, millimeter-to centimeter-thick) occurring as isolated veins or sets of parallel veins or vein networks, shear veins, open fractures, faults, Riedel-deformation bands, or intervals of cataclasites (<mm), incipient breccia, and hyaloclastic breccia hosting sulfide mineralization. We classify the fractures into three groups: veins, breccias, and other fractures (namely, joints and faults). In total, there are 6,682 veins, 87 breccia intervals, and 60 other fractures in the 659.6-m studied core interval. Below we summarize the paleopermeabilities resulting from equations (1)- (4) by individual fracture (Data Set S1), individual oriented fracture (Data Set S2), piecewise for all veins and breccias (Data Set S3), and piecewise for oriented fractures only (Data Set S4). A large number of pieces in the studied interval (n = 815; 25%) have no observed fractures (i.e., no macroscopic vein, breccia, fault, or joint). Those pieces are assumed to be fairly intact and assigned a paleo-permeability of 10 À20 m 2 based on results from unfractured basalt from Hole 1256D at in situ conditions by Gilbert and Bona (2016) .
Veins
Veins are the dominant type of brittle structure in the upper basaltic crust at Hole 1256D and in the studied interval (i.e., 596.1-1,255.7 mbsf) they represent the most important potential permeable conduits for fluids. Median vein aperture is 0.2 mm for the studied interval (Figure 5a ). Within the studied cores, 82% of veins (n = 5,730) have aperture 0.1 to 0.4 mm and 3% of veins (n = 225) >1-mm aperture. The largest aperture vein is 15 mm (n = 5). Veins with small aperture were originally recorded as "<0.1 mm" and are here reported as 0.099 mm; these small veins are near the threshold of macroscopic visibility and represent 4% of veins between Cores 51 and 170 at Hole 1256D. There is an average of 31 veins per meter of recovered core (Table 1) , with no significant trend with depth (Figure 5b ).
Breccia
Within the studied interval, there are 87 breccias; 29 are matrix-supported and 58 are clast-supported (Data Set S1). Of the 87 breccia intervals recorded, 38 of them are noncontiguous with other breccias (9 matrixsupported and 29 clast-supported). Breccia comprises 4.7 m of the recovered cores in the studied interval, representing just 2% of core length. For pieces that are entirely matrix-supported breccia, paleo-porosity is 18% and paleo-permeability estimate is 1 × 10 À9 m 2 . For pieces that are entirely clast-supported breccia, (1)- (4)).
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Geochemistry, Geophysics, Geosystems paleo-porosity is 9% and paleo-permeability estimate is 4 × 10 À9 m 2 (Data Set S1). Although not a large fraction of the recovered cores, breccias represent important potential conduits for fluid flow and are included in the calculations of piece paleo-permeability (Data Set S3).
Oriented Fractures
Dip angles of all oriented structures indicate an overall downhole steepening of fractures ( Figure 6 ). In the studied interval, there are fewer horizontal and subhorizontal (0-20°) structures (9%; n = 130) than vertical and subvertical (70-90°) structures (39%; n = 574). Horizontal structures are less dense and also have smaller apertures than vertical ones. Thus, due to both the density and aperture of fractures the paleo-permeability is largely oriented vertically and subvertically ( Figure 6 ). Note. Data are given in Data Set S1. Of the 1,406 oriented features, most are veins (n = 1,346). Only 60 oriented brittle structures were identified as joints (n = 50) or faults (n = 10). Joints are primarily located in the Sheeted Dikes interval from 1,065.7 to 1,255.7 mbsf (n = 38). Faults in the studied interval were all found within the Sheeted and Massive Flows between 812.3 to 832.9 mbsf.
Paleo-Porosity and Paleo-Permeability
The maximum original porosity, or paleo-porosity, recorded by veins and breccias in the recovered cores from Hole 1256D varies significantly through the studied interval (Data Set S3). Median paleo-porosity of the lower lavas and lava-dike transition is 0.28 and 0.30%, respectively, with the difference not significantly different (two-tailed Wilcoxon rank-sum test, p = 0.72). Median paleo-porosity of the upper dikes is 0.17%, which is significantly lower than the lava-dike transition (one-tailed Wilcoxon rank-sum test, p < 0.001). However, those medians include a large number of pieces (n = 816 of 3,250) with no recorded brittle structures and thus using our method, have 0% paleo-porosity. Omitting the pieces with no observed brittle structures, median piece paleo-porosity is calculated as 0.38% (n = 2,434), with a minimum of 0.06% and a maximum of 42%. A total of 546 pieces have a paleo-porosity >1%, which represents a cumulative core length of 46.3 m. Only 92 pieces, mainly those with breccia, have paleo-porosity of >5%, which represents 6.3 m of core.
The maximum original permeability, or paleo-permeability, recorded by veins and breccias in the recovered cores from Hole 1256D, varies by more than 10 orders of magnitude (Data Set S3). Minimum and maximum paleo-permeabilities for pieces with observed brittle structures are 6 × 10 À15 and 2 × 10 À6 m 2 , respectively, and the median is 1 × 10 À14 m 2 . For all pieces in the studied interval (n = 3,250), including those with no observed fractures, median paleo-permeability is 3 × 10 À13 m 2 (Figure 5c ). Paleo-permeability of recovered pieces decreases significantly with depth ( Figure 5c ). Median piece paleo-permeability is 1 × 10 À12 m 2 in the lower lavas, 5 × 10 À13 m 2 in the lava-dike transition, and 2 × 10 À13 m 2 in the upper dikes (p = 0.0008 and p < 0.001, respectively, for one-tailed Wilcoxon rank-sum test).
Discussion
The crust at Hole 1256D has been significantly fractured ) and a record of that fracturing, albeit incomplete, is preserved in features observed in the recovered cores. We interpret our paleopermeability results as a maximum original permeability of the crust immediately after fracturing, even though it is likely that those fractures were not open all at one time. Most of the fractures measured in the 15-Myr-old crust are sealed and record evidence of past hydrothermal fluid circulation (Alt et al., 2010) . Below we discuss a revised definition of the lava-dike transition, the role of large fractures, and the importance of the orientation of paleo-permeability for understanding the history of fluid flow during crustal evolution.
Lava-Dike Transition
The studied interval was chosen to include cores from within, above, and below the transition from dikes to lavas in the crust at Hole 1256D. Tominaga et al. (2009) identified 28 isolated dikes above the Sheeted Dikes in wireline logs. In that study, the uppermost isolated dike is observed at 815.95-mbsf logging depth, which is located within recovered Core 1256D-85; the lowermost massive flow is at 1064-mbsf logging depth, which corresponds to Core 1256D-129. Because of depth uncertainty associated with core-log integration (Fontana et al., 2010; Tominaga et al., 2009) , we define the lava-dike transition as an interval from 811.4 to 1,065.7 mbsf, which includes all of Core 1256D-85 and all of Core 1256D-129. Therefore, we suggest the full interval of lavadike transition is~254.3 m thick and extends nearly 200 m above the Transition Zone at Hole 1256D, although this may be an overestimation by as much as a few meters depending on the true depths of the cores within the cored intervals.
Large Fractures' Influence on Permeability
It has been previously hypothesized that a few large fractures may control fluid flow in the upper oceanic crust (e.g., Becker et al., 1994 Geochemistry, Geophysics, Geosystems 1256D from the Vein Log (Data Set S1) and 59 such features contribute >99% of the oriented permeability from the Structural Log (Data Set S2). About half of the oriented highly permeable fractures are vertical or subvertical (n = 29). Few are horizontal or subhorizontal (n = 6). Within the lavadike transition, no oriented highly permeable fractures are horizontal or subhorizontal. In the lava-dike transition and upper dikes, the highly permeable fractures have median dip angles of 85°and 75°, respectively.
Most of the veins measured in the studied interval of 596.1 to 1,255.7 mbsf are thin fractures with apertures of 0.3 mm or smaller (n = 5,797 or 83%). Of the oriented fractures, 56% are 0.3 mm or smaller (n = 785). At least 10 3 of these thin fractures are required to produce the increase in permeability created by a single >15-mm fracture, the largest fractures measured in the present study. Although smaller fractures may play important roles in chemical and heat exchange and influence the seismic properties of the crust (e.g., Carlson, 2014) , it is the large fractures, which are undersampled by drilling, that have the potential to transmit tremendous volumes of water through the crust and thus control the overall hydrothermal circulation.
Orientation of Permeability
The average dip angle obtained from chilled margins and intrusive contacts in the Sheeted Dikes is steep:~76°from shipboard measurements of core or~79°from borehole images (Tominaga et al., 2009) . Wireline imaging suggests that the crust dips slightly away from the paleo-spreading axis (~11°to the NE; Tominaga et al., 2009) , suggesting the predominantly vertical and subvertical fractures reported here likely originated as vertical and subvertical features (Figure 7 ). Further, drilling produces known sampling bias: structures near-parallel to the drill hole are generally undersampled relative to structures that are near-perpendicular to the borehole (Martel, 1999) . Because Hole 1256D is nearly vertical , we are very likely underestimating the contributions of vertical features to paleo-permeability.
Throughout the studied interval, steeply dipping fractures dominate the crustal permeability structure. About half of the oriented fractures (49.7%; n = 187) in the lava-dike transition zone (811.4 to 1,065.7 mbsf) are vertical or subvertical (70-90°) and only 6% (n = 24) are horizontal or subhorizontal (0-20°) . Within the lava-dike transition zone, median fracture dip angle is 69°. These vertical and subvertical fractures contribute significantly more to the permeability of the crust than horizontal and subhorizontal fractures (Figure 6 ). Specifically, vertical and subvertical fractures contribute 99.9% of permeability in lava-dike transition and 99.4% of permeability in the Sheeted Dikes (Figure 6 ). In the lower sections of the lavas (596.1-811.3 mbsf), 45-70°dipping structures contribute 69% of permeability and 70-90°structures contribute 26%. Structures with dip <45°contribute only 5% of the permeability of the lower lavas.
Fractures in the uppermost Inflated Flows are dominantly horizontal or subhorizontal (Tartarotti et al., 2009) , in contrast to those in the lava-dike transition and upper Sheeted Dikes. Horizontal and subhorizontal features would be expected to originate during formation of lavas in the neovolcanic zone. These might later be rotated and further opened or closed during subsidence and thickening of the extrusive pile (Karson, Klein, et al., 2002) . However, the prevalence of vertical fractures reaching into the lava-dike transition suggests diking events that reached into the accumulated lavas play an important role in determining the permeability structure of the oceanic crust as it ages. , the on-axis permeability structure is horizontal to subhorizontal in the lavas and vertical to subvertical in the dikes, with brecciation at the boundary between lavas and dikes due to upflow of hydrothermal fluids (blue arrows). Off-axis, the crust has been tilted by 10-20°a way from the ridge axis, which tilts the permeability structure. New vertical and subvertical permeable pathways open from dikes intruding into the lower lavas. By 15 Myr, old pathways are sealed, and paleo-permeability structure is preserved by secondary minerals. Over time, in (c), the total permeability in the lava-dike transition gradually decreases due to gravity, faulting, and infilling. Initially, permeability is mainly controlled by horizontal contacts between flows, brecciated zones, and thermal contraction fractures. Permeability in the lava-dike transition dramatically increases with each diking event, and then fractures are sealed by low-temperature and hydrothermal minerals. Seawater continues to flow downward and laterally until the crust is hydrologically sealed. Colors in (a) and (b) are as in Figure 1 artwork.
Diking Events
A total of 86 dikes were identified by Tominaga et al. (2009) in Hole 1256D from 1,065 to 1,420 mbsf, within the Sheeted Dikes, most of them <1.0 m thick. With a modern dip of 11°away from the paleo-spreading center (Tominaga et al., 2009) , this 355-m depth interval would span a lateral distance of 67.7 m, based on trigonometry. Assuming a superfast full spreading rate of 200 mm/year (Wilson, 1996) , 67.7 m on one side of the ridge might represent roughly 677 years. If the dikes all formed at the spreading center, a diking recurrence interval of eight-year results-similar to the seven-year recurrence interval modeled at East Pacific Rise (150-mm/year full spreading rate) by Head III et al. (1996) .
The variability of dike dip directions reported by Tominaga et al. (2009) supports the argument that diking into the lavas occurred across a large distance or, more likely, over thousands of years (Tominaga & Umino, 2010) . The dikes in the Sheeted Dikes dip 64-90°in a fairly narrow range of dip directions between N and E, whereas the dikes in the lava-dike transition show significant variation in dip angle and direction (see Tominaga et al., 2009 , Figure 11 ). The variable dip angle and direction of dikes within the lava-dike transition is consistent with observations at other locations including tectonic windows like the Blanco Transform Scarp and Hess Deep (Karson, Tivey, & Delaney, 2002; Varga et al., 2004) .
Diking events into the lava-dike transition play an important role in the evolution of crustal permeability and the permeability structure of the crust that is preserved. With each diking event, the tensile stress field at the top of dikes could open or reopen fractures and faults that trigger the flow of fluids coming from the deeper portions of the ocean crust and/or from the seafloor and the topmost parts of the basement (Curewitz & Karson, 1998; Pollard & Segall, 1987; Rubin & Pollard, 1988; Soule et al., 2009) . We can postulate that the lava-dike transition at Hole 1256D represents a stress field transition, from a deeper compressive to a shallower tensile stress field, as modeled by Curewitz and Karson (1998, and references therein) . Diking is thus inferred to be the most efficient process that favors the opening of tensile fractures to channelize the upward flow of hydrothermal fluids. Dike intrusion at fast spreading ridges is inferred to be active at the ridge crest where dike tips may propagate to a depth as shallow as~60 mbsf (e.g., Soule et al., 2009) . Diking events at Hole 1256D are recorded in an aged crust (as old as 15 Myr) and may have reached such shallow depths but later buried by volcanism. More detailed studies on the structure and mineralogy of the Sheeted Dike Complex at Hole 1256D would be needed to unravel the diking evolution from the ridge crest to the present position and its relations to the crust permeability.
Evolution of Permeability in the Lava-Dike Transition
At Hole 1256D, Carlson (2011) found a bulk permeability of~10 À15 m 2 in the lava-dike transition and at nearby DSDP-ODP Hole 504B, packer injections tests of the 5.9-Myr crust indicate modern permeability in the lava-dike transition (~840-1,060 mbsf) of 10 À16 to 10 À15 m 2 (Becker, 1996) . Our paleo-permeability results in the lava-dike transition are~2 orders of magnitude higher than those estimates of modern permeability and we interpret the difference as sealing of the crust at the millimeter to centimeter scale.
Our median paleo-permeability profile from lava-dike transition veins, one per~25 m from 800 to 1,050 mbsf (n = 11), mimics the modern downhole permeability pattern in Carlson (2011) , with an offset. For comparison, we also include a "cemented paleo-permeability" profile using m = 1.7 for cemented fractures in equations (1)- (4), after Violay et al. (2010) and Roubinet et al. (2018) . In the lava-dike transition, the paleopermeability results are~50 times higher than both the "cemented paleo-permeability" and the Carlson (2011 ) profile. The Carlson (2011 profile diverges in character significantly from our paleo-permeability profile at the top of the Sheeted Dikes (Figure 5c ). The sharp decrease in permeability modeled by Carlson (2011) is largely controlled by the chosen model, which uses a porosity of 10% for the lavas and 1.2% for the dikes. Measurements of samples from Hole 1256D indicate porosity decreases at that boundary from 4% above to 2% below . Our results also suggest a roughly 50% decrease in paleo-porosity at that boundary, at least not at the millimeter to meter scale represented in the recovered cores.
The 15-Myr-old crust at Hole 1256D is not thought to be hydrothermally active at present. After drilling, a temperature anomaly at~850-1,000 mbsf, centered at 925 mbsf (Teagle et al., , 2012 , indicates that cold water may be entering the hole, but no warm water anomalies were located. From the same interval, in recovered cores, veins exhibit low-temperature oxidation down to 900-950 mbsf and saponite down to 1,050 mbsf (Harris et al., 2015) . On the other hand, the mineralogy and isotope profiles in the lava-dike transition suggest that this was a hydrothermally active zone where downwelling cold fluids mixed with upwelling hot discharge fluids (Alt et al., 2010; Harris et al., 2015) . The transition is characterized by a greenschist to subgreenschist metamorphic overprint with evidence of hydrothermal alteration (Alt et al., 2010) . Estimations of temperatures from secondary minerals at the lava-dike transition in Hole 1256D show a step in the thermal gradient at the base of the lava-dike transition (see Alt et al., 2010 , Figure 13 ) coincident with chlorite as main phyllosilicate mineral and Mg-hornblende. The early minerals in veins and wall rock (i.e., clinopyroxene, amphiboles, chlorite, albite-oligoclase) give temperatures~540-650°C, which were successively replaced by retrograde lower temperature minerals, such as actinolite, albite, and smectite (Alt et al., 2010) . Alt et al. (2010) suggest that fluid flow through cores recovered from Hole 1256D occurred over a period of at least~10,000 years. During this same period, diking events and lava flows continued construction of crust from the ridge axis to the axial summit (Tominaga & Umino, 2010) . Before off-axis diking into lavas, permeability structure is mainly controlled by (mostly horizontal) contacts between flows or pillows, brecciated zones, and thermal contraction fractures. Each successive diking event locally increases vertical and subvertical permeability through fracturing of the crust. However, the lavas have significantly lower paleo-permeability than the lava-dike transition and Sheeted Dikes, and fewer vertical pathways (Figure 6 ), which might limit the upward migration of hydrothermal fluids. Associated hydrothermal fluids would be locally characterized by relatively elevated fluid pressure, creating a feedback to increase permeability. Microstructures of incipient breccias and of cataclasites record such events of weakening of the crust by elevated fluid pressure (Figure 2 ; Caine et al., 1996; Faulkner & Rutter, 2001; Umino et al., 2008) .
Geophysical Evolution of the Lava-Dike Transition
During on-axis eruptions at fast and superfast spreading crust, the lava pile builds and initial reduction of porosity and permeability is primarily due to mechanical collapse of macroscopic (cm to m) drainbacks and cavities of what will become the lower lavas. Seismic layer 2A shifts upward as eruptions proceed and faulting and subsidence associated spreading (Karson, Klein, et al., 2002) further reduces the permeability and porosity of the lower lavas. As seawater and hydrothermal fluids circulate in open fractures, deposition of minerals significantly reduces the total water volume, or porosity, within the lower lavas. With each new dike that intrudes into the lower lavas as they move off-axis, permeability is temporarily increased (Figure 7c ), as is porosity, which leads to a temporary decrease in local seismic velocity. Although the geophysical properties of the lava-dike transition likely never exceed the initial conditions of on-axis lavas, these off-axis dike intrusions lead to a more complex increase in seismic velocity with age than might be predicted by a gradual waning of eruption, faulting, and hydrothermal flow (Carlson, 1998; Christeson et al., 2007; Houtz & Ewing, 1976; Karson, 2002) .
Advantages and Limitations of the Paleo-Permeability Method
The paleo-permeability method is a relatively straightforward way to estimate paleo-porosity and paleopermeability in two dimensions at a variety of scales. The method has the advantage of addressing both total and directional paleo-permeability, where orientation information is available. In the absence of a CT scan, the paleo-permeability method allows us to estimate the maximum original permeability of a sample or core prior to crustal sealing by hydrothermal or other fluids. A limitation of the method is that the paleo-permeability estimates may represent only a very brief time before minerals begin to fill in fractures, especially for breccias of hydrothermal origin. The method also assumes all fractures were open at once, which is unlikely, and that the fractures did not widen as a result of mineral precipitation.
Data from cores provides a limited two-dimensional view of the ocean crust, in a fairly narrow (5.8 cm wide) swath. Although care was taken at sea to split the cores for an orthogonal view of fractures and we examined the three-dimensional geometry of breccia clasts in several perpendicular thin sections to confirm no significant anisotropy, the channel model assumes that measurements of aperture are made in a minimum cross-sectional view of the fluid conduit. Measurements at any other angle would artificially inflate the paleo-permeability.
Finally, the paleo-permeability method as applied here is also limited to the features which are visible to the naked eye and recovered by drilling. About 25% of the recovered pieces appear to be unfractured, with no visible structures. We assumed that these pieces have a low permeability, on the order of~10 À20 m 2 at in situ conditions, but there may be an order of magnitude or more variability in micropaleo-permeability (Gilbert & 10.1029/2018GC007696
Geochemistry, Geophysics, Geosystems Bona, 2016) . Perhaps most importantly, recovery of core at Hole 1256D was incomplete, 34% within the studied interval. The results reported here are based on that record, which is not only incomplete, but also likely biased toward the more coherent rocks. It is therefore likely that some important zones of high permeability at Hole 1256D were missing from the recovered core and, as a result, omitted from this study.
Conclusions
In fractured basaltic crust, which is characteristic of seafloor formed at a spreading ridge, high-permeability zones are distributed at variable depth intervals and do not conform to a strict trend with depth. At Hole 1256D, the permeability structure is strongly controlled by fracture attitude and aperture. The lava-dike transition represents a crucial boundary for examining the permeability structure because it represents a change in the stress field due to intrusive diking. The depth interval of 811.4-1,065.7 mbsf in Hole 1256D, more than 1,004.2-1,060.9 mbsf (i.e., the original Transition Zone) is marked by a change in permeable structure attitude, from subvertical (at depth) to more gently dipping above. While some vertical fractures are likely due to the effect of cooling and contraction of lava, the significant increase in vertical fractures with depth is coincident with and likely strongly controlled by dike intrusion. The vertical permeability created by dike intrusion following initial emplacement of lavas enables continued upflow of hydrothermal fluids. Evidence of significant hydrothermal flow is recorded in the veins preserved in the crust recovered from Hole 1256D and studied by others (e.g., Alt et al., 2010; Harris et al., 2015) . The original Transition Zone and the lower part of the Sheet and Massive Flows, a zone we term the lava-dike transition, thus marks a boundary layer between crustal sections characterized by a different stress field, permeability regime, and metamorphic imprint.
